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Abstract. Polarized muons with kinetic energies of a few eV (epithermal p+) can be generated by slow- 
ing down energetic muons in appropriate moderators consŸ of a thin layer of a van der Waals gas 
frozen on a substrate. The availability of polarized muons with kinetic energies in the eV to several 
keV range opens the possibility to extend the ttSR teclmique to the study of thin films and surfaces 
(low energy pSR, LE-p.SR). We summarize the characte¡ of the very slow polarized muons and of 
a low energy beam based on the moderation technique. We discuss the implantation of muons in thin 
film samples and the potential and limitations of LE-~tSR. As an example first results obtained by im- 
planting slow p+ in a sample consisting of a Ni film deposited on Ag are presented. 
1. Introduct ion 
The txSR technique, although younger than most of  the other nuclear solid state 
techniques, has reached in the last decade a remarkable level of  maturity. This 
is demonstrated in the present issue by the diversity of  the methods encom- 
passed and by the wide spectrum of  questions addressed by it. Nevertheless, 
as with all f ields of  science, new methods have to be continuously developed 
because of  changing chal lenges in understanding the current objects of  investi- 
gations. The state o f  the art o f  a method such as ~tSR which relies on accel- 
erators and beam lines is heavi ly dependent on the quality and characteristics 
o f  the avai lable muon beams. A new promising technique under development 
is what we wil l  call here low energy ~tSR (LE-~tSR), i.e., the generation and 
use o f  muons with kinetic energies between a few eV anda  few tens of  keV 
for muon spin research studies. 
Until now, available beams for IxSR studies have delivered polarized muons with 
energies in the MeV range. These energetic muons penetrate deeply into the 
material under investigation (typical ly a few 100 ~tm) and come to rest over a 
wide region of  the sample. Therefore, they essential ly probe bulk properties and 
no investigations asa  function of  the implantation depth or sample thickness are 
possible. Questions concerning thin films, surfaces and interfaces are general ly 
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not accessible by conventional ~tSR techniques. For this polarized muons with 
variable energy between ~ 10 eV and a few tens of keV are required. By vary- 
ing the energy in this interval, implantation depths between typically fractions 
of a nm anda few hundred nm can be obtained. With the availability of such 
particles thin films, solid-solid, and vacuum-solid interfaces become accessible 
to gSR studies thus offering a new investigative tool to these growing fields and 
greatly extending the field of application of gSR. 
In this paper we give a short overview of the present status and prospects of 
LE-gSR with particular emphasis on the LE-~tSR project at the Paul Scherrer 
Institute (PSI). We are at the beginnings of LE-gSR and the study of method- 
ological aspects pecific to LE-gSR is still predominant. The generation of slow 
muons, a low energetic muon beam, and the characteristics of epithermal muons 
are presented in Sections 2-4. The interaction of the slow muons with samples 
is discussed in Section 5. In Section 6 we will give an example of LE-gSR and 
try to realistically assess the opportunities offered by the very slow g+. 
2. Generation of Low Energy g+ Beams 
Compared to the case of other less exotic particles, for the production of low 
energetic ~t + one is faced with more arduous initial conditions, which are deter- 
mined by the physics of the muon generation. Muons originate from decaying 
pions and are therefore born energetic. In the pion rest frame they have a ki- 
netic energy of -4.1 MeV, which is the energy of the so-called surface muons 
(100% polarized) [1]. Pions and muons forma secondary beam (the p¡ beato 
consisting of the protons impinging on the production target). The phase space 
properties of a typical g§ beam are quite poor with beam spots of several cm 2 
and divergencies of -100  mrad. In principle, a very simple way to lower the 
energy of charged particles is to degrade them in a low Z material, but this 
broadens the energy spectrum. Multiple scattering further educes the quality and 
the intensity of the beam to unacceptable l vels. This is what is obtained by 
tuning a surface g+ beam to momenta much lower than 29 MeV/c (correspond- 
ing to 4.1 MeV energy); the intensity decreases with momentum as p3.5 and this 
method provides reasonable beams only down to several hundreds of keV of 
kinetic energy. In the past, various methods have been proposed to produce low 
energy beams with good phase space quality and small energy spread (for an 
overview see [2]), but only two of them bear relevance for LE-gSR. They are 
based on a source of thermal or epithermal muons which are electrostatically 
accelerated to the desired energy. 
The first technique, under development a the KEK Laboratory (Japan), uses the 
fact that a fraction of Ix + stopped in an appropriate material such asa  hot tung- 
sten foil are reemitted from the surface as muonium at thermal energy. These 
atoms are resonantly ionized by intense pulsed lasers synchronized with the 
muonium emission by the accelerator pulse, yielding the source of thermal muons. 
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To maximize the yield the foil is arranged irectly in the 500 MeV proton beam 
together with the primary target producing the pions and muons [3]. 
The second method is technologically simpler and best suited for the continuous 
beams at PSI. It is based on the moderation technique where surface muons from 
a secondary beam line are slowed down in a layer of a van der Waals bound 
solid [4, 5]. In these weakly bound, wide band gap materials, a nonnegligible 
fraction of muons do not completely thermalize and are emitted as free epithermal 
particles even if the surface has a positive work function. 
3. The Very Slow Muon Beam at PSI 
The principle of the moderation method is shown in Fig. 1. Surface ~t § impinge 
on the moderator from the substrate side. The beam is formed by collecting at 
the downstream side of the moderator the very slow /.t + escaping from a thin 
layer of a condensed van der Waals gas. It should be noted that the essential 
physical processes take place in this condensed layer and that the substrate, where 
about 50% of the beam is stopped, acts only asa  predecelerator. The general 
layout of the apparatus is shown in Fig. 2. We give here only a succinct de- 
scription for better understanding and refer to previous publications [4, 6] for 
details. The set-up is contained in a single ultra-high vacuum (UHV) chamber 
with a base vacuum of 10 -10 mbar. Ultra-high vacuum conditions are essential 
for optimal and stable moderator conditions and are also a prerequisite for most 
of the proposed experiments in surface and thin-film physics. 
In Fig. 2 three main components are recognizable: the moderator, the electrostatic 
acceleration and transport section, and the set-up for LE%tSR studies. The mod- 
" hermal ~+ 
~4 MeV ~ fast g~ 
Cold Al Substrate Condensed van der Waals 
(320 pro) gas {ayer ( 200 - 300 nm) 
Fig. 1. Principle of the moderation technique for the production of very slow polarized ~t +. The total 
thickness of the moderator is chosen to maximize the yield of epithermal muons. 
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Fig. 2. Apparatus for low energy ~tSR at the Paul Scherrer Institute. 
erator is obtained by condensing a van der Waals gas (generally Ar or N2) on 
an Al substrate cooled by a liquid helium flow cryostat. The substrate is electri- 
cally insulated and can be raised to a voltage as high as 20 kV. The very slow 
ix § extracted from the production region enter the transport section. Two "einzel" 
lenses and an electrostatic mirror are used to focus and deflect the very slow 
ix § onto the sample. The mirror separates the slow muons from the dominant 
fraction of nonmoderated energetic ix § Depending on the experimental require- 
ments various holders are available, which allow sample temperatures between 
6 and 800 K. 
The transport section accommodates an essential element for LE-IxSR, namely the 
so-called trigger detector which is used to provide the start signal of time differ- 
ential ~tSR measurements. It consists of a very thin carbon foil (thickness ~3 
~tg/cm 2, corresponding to only ~70 atomic layers) combined with a microchannel 
plate detector located perpendicularly to the foil (MCP 3 in Fig. 2). It is based 
on the detection of electrons which, ejected by the ~t + traversing the foil, ate directed 
by a small system of grids to the MCP where they are detected. The very thin 
Low Energy Muons as Probes of Thin Films and Surfaces 223 
1.5 
>, 1.0 
a 
015 
(/) 
i i i i 
Ar 
i n 
0 50 100 150 200 
Muon Energy (eV) 
Fig. 3. Energy distribution of epithermal ~t § emitted from solid Ar. 
foil results in a minimal influence on the ~t § trajectory, while allowing an effi- 
cient ( -70%) and fast (intrinsic timing resolution <1 ns) detection. Since the initial 
energy spread of the epithermal muons is small (see Section 4 and Fig. 3), the 
energy width of the ~t + beam is determined by the energy straggling introduced 
by the interaction with the carbon foil. The resulting uncertainty (typically ~400 
eV) does not affect the stop distribution of ~t § with a kinetic energy of several 
keV, whereas at lower energies its effect cannot be neglected [7]. It can be re- 
duced, for instance, by introducing a pulsed cylindrical electrode placed after the 
t¡ detector. By using the timing signal from this detector as a trigger and 
choosing an appropriate pulse shape, a sizable reduction of the energy spread could 
be achieved. 
4. Physies and Characteristics of Moderated Muons 
The generation of very slow muons relies on the specific behavior of charged 
particles in condensed van der Waals gases, particularly in the energy regime 
preceding thermalization. Briefly, 11 + implanted at MeV energies in the modera- 
tor rapidly lose energy by electronic ollisions, in the beginning mainly by ion- 
ization and excitation then, as the energy drops, by electron capture (muonium 
formation) and electron loss (muonium break-up). Because of the wide energy 
gap, these electronic processes are forbidden or strongly suppressed for those ~t + 
that have lowered their energy to epithermal energies inside the frozen gas layer. 
Asa  consequence, in the final stage before thermalization, the slowing down is 
completely dominated by soft muon-atom elastic collisions and these muons are 
likely not to thermalize but escape from the frozen layer at epithermal energies. 
The transition from stronger to weaker energy loss mechanisms seems peculiar 
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to van der Waals condensed gases. It leads to large escape depths and particular 
efficient moderation to eV energies especially in those elements with large band 
gap energy such as Ne, Ar, and N 2. The relationship between reduced energy- 
loss rate and large escape depth has been recently demonstrated in [6], where 
the escape depth L of epithermal la+ from Ar and Kr was found to be L = 111+8 
nm and L = 47+9 nm, respectively. 
In our present set-up with a planar moderator, efficiencies to convert fast muons 
into very slow ones of the order of 10-4-10 -5 have been obtained. This is about 
two orders of magnitude larger than efficiencies obtained from single ionic crystal 
insulators or from metals. The moderation mechanism is also reflected in the 
energy distribution of the emitted muons. For solid Ar (Fig. 3) the distribution 
has a peak at ~ 10 eV (of the order of the band gap energy which is ~14 eV) 
with a FWHM of -15  eV and a tail to larger energies. 
The fastness of the moderation process (slowing down time -10  ps) practically 
conserves the initial polarization of the incoming surface muons. This is an es- 
sential property for an unrestricted use of moderated muons as magnetic micro- 
probes in thin-film and surface studies. Measurement of the polarization P of 
the epithermal la+ yield for those emitted from solid Ar P = 92___7.5%, from solid 
N 2 P = 90__+ 10% and from solid Kr P = 90+ 10% [4]. 
The moderation efficiency can be optimized by choosing appropriate growth 
conditions of the solid gas layer (deposition rate and temperature, temperature 
cycling, heat treatment) [6]. A temperature of -15  K for Ar and of ~30 K for 
Kr tums out to be optimal. For Kr and Ar films deposited at ~ 10 K the effi- 
ciency increases after annealing. This behavior can be related to the morpho- 
logical (granularity, porosity) and structural (defects, voids) characteristics of thin 
films of condensed gases which depend on the growth conditions. As a general 
rule, one can state that growth conditions leading to larger and less defective 
grains and to an open porous structure result in moderators of superior quality. 
The long term stability of the moderator, an important practical aspect for the 
operation of the very slow ~t + beam, is ensured by UHV conditions. A ta  pres- 
sure of 10 -10 mbar the moderation efficiency remains stable over a period of 
several days. 
5. Interaction of Low Energy Muons with Solids and Surfaees 
In order to fully exploit the potential of LE-q various aspects of the interac- 
tion of muons in solids and surfaces such as implantation profiles, reemission, 
backscattering and neutralization at the surface must be better understood. In this 
respect, it is interesting to note that the understanding of the collision dynamics 
of muons in solids and at surfaces is also central to the generation of very slow 
polarized muons. Very few studies have been deserved to these aspects. Some 
guidance can be drawn from analogous proton interactions ince, from the point 
of view of the collision mechanisms involved, the q + can be treated asa  light 
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proton. However, als 9 in this case there is very little experimental data for en- 
ergies below 10 keV. 
In complex systems (e.g., multilayers) a precise knowledge of the depth distri- 
bution may be needed for a well defined implantation in the sample and for the 
interpretation of the results. In other cases ir is sufficient to characterize the 
distribution by their mean projected range Rp, the projection of the path of the 
particle along the normal to the sample surface, and the width of the distribu- 
tion by the variance ARp. Various analytical treatments of the transport of par- 
ticles in matter are available, but more realistic results are obtained by computer 
simulations based on Monte Carlo methods, where the slowing down and scat- 
tering of the projectile through the solid are followed step by step [8, 9]. 
A well known representative of this kind of approach is the program TRIM 
("Transport of Ions in Matter") [8], which is used to calculate range distribu- 
tions and backscattering coefficients fo ra  variety of projectile/sample combina- 
tions. A recent comparison between experimental data on R v and ARp of few keV 
protons with various simulations [10] has given good agreement with the pre- 
dictions of a more sophisticated TRIM version [9], which extends the range of 
TRIM applicability to smaller energies. This program was used to calculate the 
range and range straggling of ~t + in some samples (Eckstein W., private com- 
munication). Figure 4 presents the depth profile of 10 keV ~t + in Ni, showing 
the typical maximum and the tail to lower depths. Figure 5 shows the results 
for Rp and ARp o f  ~+ in S i  9  Ni, and Au asa  function of the implantation 
energy. The fgure illustrates the material dependence of the implantation pro- 
file. At fixed energy, decreasing Z increases the mean penetration depth and 
narrows the relative width of the distribution. The penetration depends on elec- 
tronic energy loss processes and on elastic scattering so that protons at the same 
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Fig. 4. Calculated epth distribution of 10 keV q + implanted in Ni (Eekstein W., private communication). 
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Fig. 5. Calculated energy dependence of  the mean projected range and of  the variance of  the depth 
distribution of ~t § in Ni, Au and SiO 2 samples (Eckstein W., private communication). 
energy penetrate deeper than muons and have a slightly larger depth distribu- 
tion. It should be noted that diffusion and trapping of the la+ after thermaliza- 
tion may modify the stop distribution given by the electronic and elastic pro- 
cesses. Therefore, depending on the sample characteristics and experimental pa- 
rameters, the thermal interactions must be also considered to determine the final 
q + site distribution when they decay. 
To achieve direct surface sensitivity, softlanding of the la+ is necessary. At ener- 
gies in the eV range we can expect that the muon does not penetrate into most 
of the samples, but here again detailed investigations of the muon-surface inter- 
actions are necessary. Reflection at the surface cannot be neglected and we es- 
timate that at ~ 10 eV about 60% of the q + are reflected from a medium-mass 
sample [11]. Simultaneous neutralization may also occur whieh could be used to 
study the electronic state properties of the surface. 
6. Potential and Limitations of LE-q 
The basic potential and limitations of very slow muons are similar to those of 
the more energetic ones discussed in the introductory chapter of this issue [1]. 
They are determined by the intrinsic properties of the muon which make laSR 
spectroscopy most powerful in the field of small moments magnetism, short range 
or random magnetic order and in the use of muonium asa  hydrogen isotope. 
The essential new features are depth resolution and accessibility to the wide new 
fields of investigations offered by thin films, interfaces, and surfaces. Therefore, 
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we discuss here only the specific implications of LE-~tSR. For various reasons 
experimental conditions for LE-~tSR are more stringent, and the low to very low 
energy of the muons requires special considerations for the design of the set-up 
and for an optimum implantation into the sample. The lowest energies in the 
eV range are the most demanding since, in this case, the muons must be decel- 
erated just in front of  the sample and reflection must be taken into account. A 
UHV environment is required not only for the generation of the very slow ~t + 
but also for their application to thin films and surfaee investigations. No win- 
dow can be tolerated in front of the sample; a 15 keV ~t + stops in a 130 nm 
thick C foil. Good and reproducible sample quality necessitates in-situ prepara- 
tion and characterization r appropriate transfer devices and this has to fit to 
the specific requirements of ~tSR spectrometry as positron counters and magnetic 
fields close to the sample. Accessible magnetic field ranges are more limited in 
LE-~tSR since stray fields of coils generating several kG magnetic fields may 
deflect the very slow muons. A magnetic shielding or compensating coils for 
critical parts of the apparatus (as for instance the trigger detector) are necessary 
in these cases. 
The accuracy of the entrance time of the muon into the sample is determined 
by the energy straggling of the muons in the C foil of the trigger detector and 
by the distance of the detector from the sample. This translates into a time un- 
certainty of ~6 ns (rms) but can be reduced by increasing the preacceleration 
voltage. Frequency resolution and time window do not differ from conventional 
~tSR. Conceming bearn intensities, a large difference xists between conventional 
~tSR and LE-~tSR. Generally fo ra  typical ~tSR measurement one collects -10  6 
decay positrons in a spectrum and txSR is notan intensity limited technique. At 
the moment his is not the case for LE-laSR. The very slow polarized muon beam 
at PSI, presently the most intense in the world, allows a detected event rate of 
~15 Hz (defined as the rate of detected ecay e + originating from slow ~t + 
implanted in the sample). This fgure includes all efficiencies and solid angles. 
The signal-to-noise ratio is very good. This implies acquisition times between a 
few hours anda few days, a routine situation for many fields of science but not 
for IxSR where sometime a measurement can be completed in minutes. Various 
developments (improvements of the transport system, new target geometry, use 
of higher intensity seeondary ~t + beam) not requifing extraordinary investments 
are underway with single improvement factors between 2 and 10. Nevertheless, 
the present intensity already allows investigations of thin film samples. An ex- 
ample of the potential is shown in Fig. 6 presenting preliminary results (Birke 
M., Glª H., Hofer A., Litterst J., Morenzoni E., Niedermayer Ch., Schatz 
A., Schatz G., unpubl.). In this experiment 15 keV ~t + were implanted in a sample 
made of 30 nm Ni sputtered on Ag. At this energy the muons stop in the Ag 
layer at a mean distante of -30  nm from the Ni/Ag interface. The transverse 
field measurement a  a temperature above the Curie temperature of Ni (T c = 631 
K) shows the muons precessing without depolarization. When we lower the tem- 
perature below Te the precession signal is damped, a manifestation of tempera- 
ture dependent depolarization. The depolarization (damping) increases with de- 
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Fig. 6. Asymmetry signal from the decay of 15 keV muons topped in a Ni/Ag sample and precess- 
ing in a 5 mT transverse magnetic field, a T = 683 K, b T = 613 K, e T = 603 K, d T = 293 K. 
creasing temperature and follows the magnetization curve of the thin Ni film. 
This is an indication of the penetration of the magnetic field originating inside 
the Ni-film in the Ag substrate. The result shows the potential of the use of very 
slow polarized t~§ for the study of small magnetic fields and couplings in thin 
samples and multilayers. 
We can expect that the routine exploitation of this technique will increase as 
the source will develop in strength. The sophistication of the experiments will 
also develop parallel to the investments in the very slow muon beam and in the 
instrumentation for sample preparation and characterization. 
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